Sirtuins enzymes are a conserved family of nicotinamide adenine dinucleotide (NAD)-dependent deacetylases and ADPribosyltransferases that mediate responses to oxidative stress, fasting and dietary restriction in mammals. Vascular smooth muscle cells (VSMCs) are involved in many mechanisms that regulate vascular biology in vivo but the role of SIRT1 has not been explored in much detail. Therefore, we investigated the regulation of SIRT1 in cultured VSMCs under various stress conditions including diabetes. Sprague-Dawley rats were made diabetic by injecting a single dose of streptozotocin (65 mg/ Kg), and aortic VSMCs were isolated after 4 weeks. Immunocytochemistry showed that SIRT1 was localized predominantly in the nucleus, with lower staining in VSMCs from STZ-diabetic as compared with normoglycemic rats. Previous diabetes induction in vivo and high glucose concentrations in vitro significantly downregulated SIRT1 amounts as detected in Western blot assays, whereas TNF-a (30 ng/ml) stimulation failed to induce significant changes. Because estrogen signaling affects several pathways of oxidative stress control, we also investigated SIRT1 modulation by 17b-estradiol. Treatment with the hormone (10 nM) or a selective estrogen receptor-a agonist decreased SIRT1 levels in VSMCs from normoglycemic but not in those from STZ-diabetic animals. 17b-estradiol treatment also enhanced activation of AMP-dependent kinase, which partners with SIRT1 in a signaling axis. SIRT1 downregulation by 17b-estradiol could be observed as well in human peripheral blood mononuclear cells, a cell type in which SIRT1 downregulation is associated with insulin resistance and subclinical atherosclerosis. These data suggest that SIRT1 protein levels are regulated by diverse cellular stressors to a variable extent in VSMCs from diabetic and normoglycemic rats, warranting further investigation on SIRT1 as a modulator of VSMC activity in settings of vascular inflammation.
Introduction
Vascular aging is characterized by increased oxidative stress and proinflammatory phenotypic alterations. Metabolic stress, such as chronic hyperglycemia in diabetes, is known to increase the production of reacting oxygen species (ROS) and promote inflammatory gene expression, accelerating vascular aging [1] . Vascular smooth muscle cells (VSMCs) are sensitive to inflammatory lesions, and notable responses thereof such as proliferation and migration are accompanied by enhanced expression of proinflammatory cytokines, especially TNF-a. Agents endowed with inhibitory effects on VSMC responses such as those underlying neointima formation may be suitable for intervention in vascular disease [2] .
Silent information regulator of gene transcription (SIRT)1 is a prominent member of a family of NAD-dependent enzymes and affects a variety of cellular functions ranging from gene silencing, regulation of cell cycle and apoptosis to energy homeostasis. Use of cell models as well as tissue-specific SIRT1 knockout mice has uncovered potential roles for SIRT1 in disease settings such as diabetes and cardiovascular disease, inflammation, neurodegeneration and cancer [3] . Several recent studies have implicated SIRT1 in the regulation of inflammatory responses. Whereas caloric restriction enhances SIRT1 activity, hyperglycemia induces vascular cell senescence by reducing SIRT1 activity and thereby contribute to the development of diabetic vascular dysfunction. Hyperglycemia decreases SIRT1 expression in cultured endothelial cells [4] , whereas overexpression of SIRT1 prevents the hyperglycemia-induced vascular cell senescence and thereby protects against vascular dysfunction in mice with diabetes [4, 5] . SIRT1 is expressed not only in the endothelium but also in VSMCs [2, 6, 7] , where it is required for both growth and proliferation, suggesting a potential role of SIRT1 in the control of vascular function under various stress stimuli.
While the preponderance of genetic data indicates that increasing SIRT1 levels or its activity has beneficial physiological effects [8] , reports are sometimes conflicting [9] . For instance, the pharmacological inhibition of sirtuin decreased the production of inflammatory cytokines in LPS-stimulated macrophages [10] . In addition, limited information is available as to SIRT1 produced in vascular smooth muscle cells and the modulation thereof by inflammatory and/or metabolic factors. Thus, as SIRT1 appears to be strategically involved in many mechanisms that regulate vascular biology in vivo, objective of this work was to investigate its regulation in cultured VSMCs under various stress conditions. Because a protective role of SIRT1 has been suggested in the pathogenesis of diabetic vasculopathy [4, 5] , we determined SIRT1 levels in VSMCs from normoglycemic and diabetic rats, as well as under inflammatory conditions such as after incubation with the pro-inflammatory cytokine TNF-a. Because of the functional correlation between SIRT1 and estrogen signaling in cancer cells [11] , we also assessed SIRT1 modulation by 17b-estradiol in rat VSMCs and, for comparison, in human peripheral blood mononuclear cells (PBMCs), a cell type in which SIRT1 downregulation is associated with insulin resistance and subclinical atherosclerosis [12] .
Materials and Methods

Ethics statement
The principles of laboratory care relating to the protection and welfare of vertebrates used for scientific purposes issued by the Directive 2010/63/EU were followed in this study, which was approved by the Institutional Animal Care and Use Committee (CEASA based on the Italian acronym) at the University of Padova. Rats were anesthetized by i.m. injection of Zoletil (tiletamine HCl and zolazepam HCl) before diabetes induction, and sacrificed under euthanizing pentobarbital (150 mg/kg i.p.) anesthesia.
Diabetes induction
Adult Sprague-Dawley rats weighing 200614 g (2-months-old) were used for inducing diabetes. The animals were injected i.v. with streptozotocin (STZ) at the dose of 65 mg/kg body weight; control animals were injected with the vehicle and kept in a separate cage. During the 24 hours after the induction, to avoid hypoglycemic crisis, drinking water was substituted with 5% glucose solution. Four days later glycosuria was tested to confirm diabetes induction. At sacrifice 4 weeks after STZ injection, animals had plasma glucose levels above 25 mM (300 mg/dl). STZ-treated animals show various characteristics observed in untreated diabetic subjects such as hyperglycemia, polydipsia, polyuria and loss of weight [13] .
Cell cultures
VSMCs were obtained from aortic intimal-medial layers of Sprague-Dawley rats and cultured as described previously [14, 15] . In brief, VSMCs at passage 5 were switched to phenol red-free M199 with 10% charcoal-stripped fetal calf serum (FCS) for 48 h. Thereafter, they were synchronized in medium containing 0.4% FCS for 24 h and incubated as described.
Human lympho-monocytes were isolated from whole blood or buffy coat provided by the Transfusion Unit at Padua University Hospital. Blood was diluted 1:3 with M 199 medium in a 50-ml Falcon tube and separated from cells using Ficoll 1077 (15 ml blood: 20 ml Ficoll); this solution was centrifuged at 100 g for 30 min. The lympho-monocyte ring was isolated and transferred into a new Falcon tube, suspended in 50 ml of fresh M199 and centrifuged again for 20 min. Supernatants were removed, and for other two times cells were washed with 50 ml of M199 and centrifuged at 50 g for 15 min. The final pellet was resuspended in RPMI 1640 culture medium supplemented with 20% FBS, 2 mmol/l glutamine and 0.5% penicillin-streptomycin, and cells seeded in 6-well plates (2 ml/well). Monocytes adhere to the well bottom after 2 h from seeding, thus the culture medium was refreshed and non-adhered cells were removed.
Cell treatment
Plated VSMCs (3610 5 /well) were incubated with 10% FBS culture medium until subconfluence, washed three times with PBS and incubated with 0.4% FBS medium for 24 h to arrest cell growth and synchronize them all to the same phase of the cell cycle. After synchronization, VSMCs were washed once with PBS to remove any trace of FBS and stimulated for different lengths of time with culture medium supplemented with 2% FBS. Based on the experimental design, cells were stimulated with TNF-a (30 ng/ ml); D-(+)-glucose (3 g/l) to mimic in vitro the diabetic condition of hyperglycemia; or estrogen (10 nM), which requires a specific phenol red-free culture medium because phenol red has weak estrogenic activity and could interfere with the correct course of the stimulation. The selective estrogen receptor-a agonist PPT and the selective estrogen receptor-b agonist DPN were purchased from Tocris Biosciences (Bristol, UK). Control VSMCs were incubated with 2% FBS culture medium only. At the end of incubations, cells were washed twice with cold PBS, scraped off and harvested in 100 ml of lysis buffer [16] consisting of 50 mM Tris HCl pH 7.4, 150 mM NaCl, 1% NP-40, 25 mM NaF, 0.5% sodium deoxycholate, 10% SDS, 1 mM EGTA, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1 mM phenylmethyl-sulfonyl-fluoride and Complete protease inhibitors (Roche). To achieve complete lysis, cell samples underwent four freezing/thaw cycles and were stored at -20uC until analysis.
Immunocytochemistry
VSMCs were seeded at the 6 th passage in 24-well plates (roughly 30,000/well) on a sterile cover slip previously placed on the well bottom. Two days after plating, culture medium was removed and cells were washed twice with sterile PBS to remove any residue of the medium. Cells were then fixed with 4% paraformaldehyde for 10 min at room temperature, and washed three times with sterile PBS to remove the excess of paraformaldehyde. In order to saturate aspecific binding sites, cells were blocked for 45 min with a permeabilization solution of PBS supplemented with a small amount of FBS and 0.1% Triton. Subsequently, the solution was removed and without washing, the primary antibody was added in each well: mouse anti-a-actin, typical protein expressed by VSMCs, which is linked to phycoerythrin, a fluorescent probe (150 ml/well, 1:400 in PBS containing 2% FBS) and cells were incubated for 1 h at room temperature. At the end of the incubation, cells were washed three times with a PBS solution plus RNAse (1:40) for 15 min at 37uC, so as to lyse RNA in the nuclei. Cells were then washed with distilled water to remove excess RNAse and ease the removal of cover slips. The drop of Mowiol mounting media on the slip holder was added of propidium iodide, previously diluted in distilled water (1:10, final concentration: 0.5 mg/ml): this agent is able to penetrate the nuclei and label them in red. The cover slips were removed and turned over Mowiol and at last stored at 4uC away from light until image acquisition using a confocal microscope. Cell fluorescence was measured using ImageJ.
Western blotting
Whole cell lysates (30 mg) were resolved by 10% SDS-PAGE. The same protein amount was loaded for each sample. Proteins were transferred onto a polyvinilidene difluoride (PVDF) membrane in a cold buffer containing 25 mM Tris, 192 nM glycine and 20% methanol. After blocking with Tris buffered saline (TBS: 1 M Tris HCl pH 7.4, 5 M NaCl, 0.1% Tween 20) added of 5% non-fat milk (to saturate aspecific binding sites) for 1 h, membranes were incubated with the primary antibodies for SIRT1 (1:500 dilution, Abcam), p-AMPK and AMPK (both from Abcam) overnight at 4u C. The following day, the membranes were washed of excess primary antibody with TBS and incubated for 45 min with horseradish peroxidase-conjugated anti-rabbit immunoglobulin antibody. Specific proteins were detected using enhanced chemiluminescence (ECL1 and ECL2, GE Healthcare). Band intensities were quantified by densitometry and the results were normalized to b-actin (specific antibody diluted 1:5000, Sigma-Aldrich).
Statistical analysis
Results were expressed as the mean 6 SEM of multiple independent experiments for in vitro assays. The Student t test was used to compare 2 groups or ANOVA (2-tailed probability value) was used with the Dunnett post hoc test for multiple groups using GraphPad Instat 3 software (San Diego, CA). The level of statistical significance was 0.05.
Results
Diabetes induction by streptozotocin
Four weeks after STZ injection, diabetic animals had blood glucose 593 6 14 mg/dl (animals were considered diabetic when blood glucose exceeds 300 mg/dl) and weighed 185 6 8 g; in contrast, control animals had significantly lower of blood glucose levels (113 6 7 mg/dl) and higher body weight (350 6 22 g) as compared with diabetic animals (Fig. 1) .
SIRT1 detection and localization in VSMCs
Once ascertained the purity of VSMC cultures using a-actin immunohistochemistry (data not shown), the presence and localization of SIRT1 was investigated. VSMCs from normoglycemic and diabetic rats were probed with a rabbit antibody for SIRT1 and then all incubated with a secondary anti-rabbit antibody conjugated to phycoerythrin. While SIRT1 was found to be prevalently localized in the nucleus, labeling appeared to be weaker in VSMCs from diabetic (Fig. 2D) as compared with control rats (Fig. 2B ). This was confirmed by densitometric analysis of replicate images (Fig. 2E ).
Diabetes and high glucose downregulate SIRT1 protein
The aim of these experiments was to assess the effects of exposure to high glucose concentrations on the amount of SIRT1 protein both in the ex vivo STZ model and in vitro to dissect potential differential contributions of the diabetic condition in toto as opposed to the leading hyperglycemic status. As shown in Fig. 3A , levels of SIRT1 in diabetic VSMCs were significantly lower than in normoglycemic VSMCs. A similar experiment was performed in normoglycemic VSMCs in the presence of high concentrations (22.2 mM) of D-(+)-glucose, L-(2)-glucose and mannitol. As shown in Fig. 3B , incubation with D-(+)-glucose downregulated SIRT1 levels to a similar extent as that seen in diabetic VSMCs. Whereas the inactive isomer L-(2)-glucose did not affect SIRT1 levels, mannitol unexpectedly reduced SIRT1 levels and therefore may not be regarded simply as an osmotic control in this experiment design.
SIRT1 modulation by TNF-a
In previous studies, the pro-inflammatory cytokine TNF-a was shown to upregulate SIRT1 expression in a time-dependent manner in VSMCs [17] . We repeated this experiment in both VSMC groups. In our hands, no significant changes in SIRT1 protein levels were observed in response to TNF-a stimulation in normoglycemic and diabetic VSMCs at different time points (Fig. 4) .
Effects of 17b-estradiol on SIRT1 levels in different cell types
Based on previous studies from our group [14, 15] showing that the anti-inflammatory activity of 17b-estradiol is impaired in VSMCs from diabetic rats, we tested the hypothesis that SIRT1 could be a downstream target of the hormone in vascular cells. In normoglycemic VSMCs, incubation with 10 nM 17b-estradiol led to diminished SIRT1 accumulation during the time course (Fig. 5) . Consistent with the findings shown in Figs 2 to 4 above, SIRT1 protein amount was lower in diabetic than in normoglycemic VSMCs at baseline. Conversely, 17b-estradiol did not induce further changes in SIRT1 protein amounts in diabetic VSMCs as compared with baseline (Fig. 5) . 17b-estradiol is a nonselective estrogen receptor (ER) agonist. Therefore, to explore the estrogen signaling pathways involved in SIRT1 modulation, we performed experiments using the selective ERa agonist PPT and the selective ERb agonist DPN. As shown in Fig. 6 , treatment with PPT for 6 h and 24 h reduced SIRT1 levels in normoglycemic but not in diabetic VSMCs. By contrast, treatment with DPN had no effect on SIRT1 in normoglycemic VSMCs, whereas it increased SIRT1 levels in diabetic VSMCs after 6 h treatment, suggesting that 17b-estradiol modulated SIRT1 abundance mainly through ERa signaling.
Because a close interplay between SIRT1 and AMP-activated protein kinase (AMPK) has been described in the regulation of cellular metabolism and inflammation [18] , and because 17b-estradiol regulates the functional expression of AMPK [19] , we measured the total expression and phosphorylation level of AMPK. The pAMPK to AMPK ratio was significantly reduced in VSMCs from diabetic as compared with normoglycemic (Fig. 7 ), in agreement with previous studies [20] . After treatment with 17b-estradiol, the total expression of AMPK remained unaltered, whereas levels of pAMPK were significantly increased by 17b-estradiol in both VSMC groups (Fig. 7) . Thus, 17b-estradiol-mediated SIRT1 downregulation was associated with increased AMPK activation.
Finally, we tested whether the above pattern of SIRT1 regulation by 17b-estradiol could apply to human cells. As a test model we chose PBMCs in view of the association between Sirt1 gene expression in this cell type and metabolic control [12] . Incubation with 17b-estradiol for 24 h significantly reduced SIRT1 protein amounts in human PBMCs (Fig. 8) . While the trend was similar, changes in SIRT1 in response to treatment with 10 nM dexamethasone, a well-established anti-inflammatory agent, did not achieve statistical significance.
Discussion
SIRT1 plays an important role in many pathophysiological processes, including cellular senescence/aging and inflammation [3, 21] , yet the precise role of SIRT1 in oxidative stress remains enigmatic. Studies in multiple organs and cell systems hint that SIRT1 depletion could be an adaptive mechanism to promote oxidative stress resistance. However, loss of SIRT1 was also interpreted to contribute to the detrimental effects of oxidative stress [22, 23] . Some of the seemingly conflicting results that have been reported may be attributable to an optimal window for SIRT1 activity, as has been observed for oxidative stress levels in the heart [24] . At the same time, amelioration of oxidative stress in other cell types and organs suggests that SIRT1 activation could have a real therapeutic benefit under conditions of excessive ROS production. There is evidence that SIRT1 can suppress ROS generation by virtue of its anti-inflammatory actions. NAD(P)H oxidase is an important producer of ROS in vivo, and SIRT1 can inhibit production of an upstream signal, TNF-a, through deacetylation and inhibition of nuclear factor (NF)-kB in macrophages [25] . By contrast, the pharmacologic inhibition of sirtuins has also been reported to inhibit the activation of the NFkB pathway and decrease the production of LPS-induced cytokines in J774 macrophages in vitro [10] . Our TNF-a stimulation experiments in VSMCs yielded no hint of SIRT1 modulation, in contrast to findings by Zhang and coworkers [17] . The discrepancy may be due to variability in cell culture conditions and/or TNF-a bioactivity compared with those of Zhang et al. It is however possible that other inflammatory stimuli combined with TNF-a induce upregulation of SIRT1, which may be part of a protective response of VSMCs to inflammatory events.
In agreement with previous studies in human endothelial cells and STZ-diabetic mice [4] , SIRT1 accumulation fell in diabetic compared to normoglycemic VSMCs, as confirmed using two different experimental procedures, and our in vitro high glucose studies are consistent with this pattern. To the best of our knowledge, this is the first demonstration of reduced SIRT1 levels in aortic VSMCs from STZ-diabetic rats. SIRT1 is also an important regulator of macrophage inflammatory responses in the context of insulin resistance [26] . Because SIRT1 requires NAD for its enzymatic activity [27] , a decline in NAD biosynthesis on high glucose or hyperglycemia may result in a significant reduction of SIRT1 levels and subsequent loss of the glucose-or insulinresponsive phenotypes. Accordingly, a significant reduction in NAD+ levels and SIRT1 activity in physiologically aged female Wistar rats has been recently reported [28] . Similarly, although estrogen has been shown to inhibit VSMC proliferation under normal glucose concentrations, high glucose conditions abolish the antiproliferative effect of estrogen through as yet unknown mechanisms [29] .
The relationship between SIRT1 and estrogen signaling is still controversial. In particular, it is unclear whether SIRT1 actually serves as an estrogen receptor (ER)a co-activator or co-repressor in oncogenesis [11, 30] . To the best of our knowledge, we here report for the first time that 17b-estradiol reduced the expression of SIRT1 in normoglycemic VSMCs, and did so in human PBMCs as well, whereas it did not appear to affect SIRT1 protein amounts in diabetic VSMCs. SIRT1 downregulation was mimicked by the selective ERa agonist PPT, but not the selective ERb agonist DPN, which in turn increased SIRT1 abundance after short-term incubation in VSMCs from diabetic animals. Previous studies from our laboratory showed that VSMCs from STZ-diabetic rats overexpress ERb compared with normoglycemic animals [15] . This is associated with impaired downregulation of the inflammatory enzyme inducible NO synthase by 17b-estradiol [15] . Thus, ERa and ERb appear to differentially regulate SIRT1, consistent with a yin-yang action pattern in tissues where both isoforms are co-expressed and with a recent study showing that SIRT3 protein levels are affected by the ERa/ERb ratio in breast cancer specimens [31] . In addition, SIRT1 has been described to reverse the acetylation of ERa [32] and thereby reduce its transcriptional activity, although the relevance of this mechanism was not tested in the present study. A potential involvement of GPER, a non-genomic mediator of estrogen action expressed in VSMC [33] , in SIRT1 modulation by 17b-estradiol remains to be determined.
An additional finding from the present study is that 17b-estradiol treatment enhanced AMPK activation in VSMCs from normoglycemic and reversed the significant impairment of AMPK activity in those from diabetic animals compared with controls, in line with previous studies [20] . It cannot be ruled out that the discordant modulation of SIRT1 and AMPK proteins by 17b-estradiol in VSMCs occurred through independent mechanisms. However, 17b-estradiol is a known activator of AMPK [19] , and non-concomitant regulation of AMPK activity and SIRT1 abundance has been reported in different tissues [34] [35] [36] . Thus, 17b-estradiol-mediated SIRT1 downregulation may be a potential downstream effect of AMPK activation resulting from amelioration of oxidant burden or changes in energy state [18, 36] .
In conclusion, the present study shows that previous diabetes induction in vivo negatively regulated SIRT1 amounts in rat VSMCs, consistent with the in vitro effects of high glucose concentrations, whereas we were unable to demonstrate SIRT1 modulation by TNF-a. In addition, 17b-estradiol decreased SIRT1 levels in VSMCs from normoglycemic but not diabetic rats most likely through ERa signaling, possibly as a downstream effect of AMPK activation. This negative regulation of SIRT1 could also be observed in human cell types, namely PBMCs freshly isolated from buffy coat, suggesting that findings in the rodent cell model can be translated to human settings. Whether the observed changes in SIRT1 protein levels in VSMCs are paralleled by changes in protein deacetylase activity remains to be determined. Future studies should also explore how the different levels of the SIRT1 regulatory network are connected in response to diverse cellular stressors, and what balances the net SIRT1 activity [9] .
Author Contributions Figure 7 . Effect of 17b-estradiol on total and phosphorylated AMP-activated protein kinase (AMPK) abundance in VSMCs.
VSMCs from normoglycemic and STZ-diabetic rats were incubated with 10 nM 17b-estradiol for 0, 6 and 24 h in 2% FBS phenol-red free culture medium, to avoid any interference from the weak estrogenic agent phenol red. AMPK and pAMPK amounts in normoglycemic VSMCs at baseline were taken as 100%. A representative Western blot is shown. Values are mean 6 SEM (n = 3). *p,0.05 vs control. doi:10.1371/journal.pone.0065666.g007 
